We propose and demonstrate a new type of propagation mechanism for electromagnetic waves in photonic band gap materials. Photons propagate through coupled cavities due to interaction between the highly localized neighboring cavity modes. We report a novel waveguide, which we called coupled-cavity waveguide (CCW), in three-dimensional photonic structures. By using CCWs, we demonstrate lossless and reflectionless waveguide bends, efficient power splitters, and photonic switches. We also experimentally observe the splitting of eigenmodes in coupled-cavities and formation of defect band due to interaction between the cavity modes. The tight-binding (TB) approach, which is originally develop for the electronic structures, is applied to the photonic structures, and compared to the experimental results. Our achievements open a new research area, namely physics and applications of coupled-cavities, in photonic structures. We think that our results are very important for constructing future all-optical components on a single chip.
Introduction
The artificially created 3-dimensional (3D) periodic structures inhibit the propagation of electromagnetic (EM) waves in a certain range of frequencies in all directions [1, 2] . In analogy with electronic band gaps in semiconductors, these structures are called photonic band gap (PBG) materials or photonic crystals [3, 4] . The initial interest in this area came from the proposal to use PBG crystals to control spontaneous emission in photonic devices [1] . However, the technological challenges restricted the experimental demonstrations and relevant applications of these crystals to millimeter wave and microwave frequencies [5, 6] . Recently, Fleming and Lin reported a photonic crystal with a band gap at optical frequencies [7, 8] . With this breakthrough, initially proposed applications like thresholdless semiconductor lasers [9] and single-mode light-emitting diodes[lO] became feasible. Schematics of a coupled-cavity (white circles) structure in a two-dimensional photonic crystal (black circles). Tightly confined cavity mode interacts weakly with the neighboring cavity modes, and therefore the electromagnetic waves can propagate through coupled cavities.
Analogy between the Schrodinger equation and Maxwell's equations allows us to use many important tools which were originally developed for the electronic systems. As an example, it is well known that the TB method has proven to be very useful to study the electronic properties of solids [1l] . Recently, the classical wave analog of the TB picture [12] has successfully been applied to the photonic structures [13, 14, 15, 16, 17, 18] . Sterke investigated the properties of the one-dimensional optical superlattices within the TB approximation [13] . Lidorikis et al. obtained matrix elements of the TB Hamiltonian for two-dimensional photonic crystals, with and without defects, and tested the TB model by comparing it to the corresponding ab initio results [15] . Observation of the normal mode splitting in quartz polystyrene was well explained by the TB photon approach [16] .
By using direct implications of the TB picture, a novel propagation mechanism for photons along localized coupled cavity modes in photonic crystals was theoretically proposed [14, 17] , and experimentally demonstrated [18] . In these structures, photons can hop from one tightly confined mode to the neighboring one due to the weak interaction between them (See Fig. 1 ). Stefanou and Modinos obtained the cosine-like dispersion relation for their coupled-defect waveguides and waveguide bends with and without disorder [14] . Later, Yariv et al. reformulated the same phenomenon in a simple way, and more importantly proposed various applications based on coupled-cavity structures [17] .
In the last few years, we proposed and demonstrated various applications based on coupled-cavity structures in photonic crystals. We experimentally observed the eigenmode splitting, and explained by using the TB picture [18, 19] . Guiding and bending of EM wave [20] , heavy photons [21] , and EM-beam splitting and switching effect [22] were experimentally demonstrated in threedimensional photonic crystals at microwave frequencies. We also reported ob-servation of directional coupling in coupled photonic crystal waveguides [23] , and dropping of photons via cavity and waveguide coupling [24, 25] . In addition, we investigated one-dimensional (10) coupled optical microcavity (CMC) structures [26, 27] , and observed the strong enhancement of spontaneous emission throughout the cavity band in such structures [28] .
Very recently, the coupled-cavity structures in photonic band gap materials have inspired considerable attentions [29, 30, 31, 32, 33, 34] . For instance, Lan et at. numerically proposed a switching mechanism by changing the positions of the sharp edges of the coupled-cavity band of 10 PBG structures [31] , and delay lines for ultrashort optical pulses [32, 33] . Olivier et al. reported 20 CCWs at optical wavelengths [29] . The coupled-mode theory is applied to the coupled-cavity structure by Reynolds and his co-workers [30] .
Localized Coupled-Cavity Modes in Photonic Crystals
In this section, we give a detail analysis of the TB picture in photonic band gap structures. We first investigate splitting of eigenmodes of coupled cavities, photonic molecules, by using the TB approach [18] . Then, we derive simple expressions for physical quantities such as dispersion relation, group velocity, photon lifetime, and dispersion.
Consider a strongly localized mode Eo (r) corresponding to a single cavity that satisfies simplified version of the Maxwell equations \7 x [\7 x Eo(r)] = Eo(r)(Ojc)2Eo(r) ,
where EO (r) is the dielectric constant of the single cavity, 0 is the frequency corresponding cavity mode, and c is the speed of light. In order to derive the foregoing equations, we assumed that Eo (r) is real, nondegenerate and orthonormal: JdrEo(r)Eo(r) . Eo(r) = 1 .
2.1
Photonic molecules: eigenmode splitting When two localized cavity modes are brought in contact, the corresponding eigenmode can be obtained from superposition of the individual evanescent cavity modes Ew(r) = AEo(r) + BEo(r -Ai:) . The eigenmode Ew(r) also satisfies Eq. (1) where Eo(r) is replaced with the dielectric constant of the coupled system E(r) = E(r -Ai:), and 0 is replaced with eigenfrequency w of the coupled cavity mode.
Inserting Ew(r) into Eq. (1), and multiplying both sides from the left first by ES/ (r) and then by ES/ (r -Ax) and spatially integrating the resulting equations, we obtain the splitting where 0:1 and (31 are the first order coupling parameters which are given by 0:1 = JdrE(r)ES/(r) . ES/(r -Ax) ,
Corresponding photonic modes are given by ( )
From Eq. 4, we observe that the single cavity mode splits into two distinct photonic modes due to interaction between the cavities. This splitting is analogous to the splitting in the diatomic molecules, for example Ht, in which the interaction between the two atoms produce a splitting of the degenerate atomic levels into bonding and antibonding orbitals [12] . Recently, the bonding/antibonding mechanism in a photonic crystal was theoretically proposed by Antonoyiannakis and Pendry [35, 36] . The splitting phenomenon was experimentally observed in quartz polystyrene [16] and in photonic molecules [37] .
Similarly, in the case ofthree coupled-cavities, the eigenmode can be written as Ew(r) = AES/(r) + BES/(r -Ax) + CES/(r -2Ax) . (8) In this case, the single cavity mode splits into three distinct modes which are given by (9) where 0:2 and (32 are the second nearest neighbor coupling terms which are given by and 0:2 = JdrE(r)Eo(r) . Eo(r -2Ax) , (10) (32 = JdrEo(r -2Ax)Eo(r) . Eo(r -2Ax) . (11) After finding the coefficients in Eg. 8, the corresponding eigenmodes are given by
A novel waveguiding mechanism (12) 
When we consider an array of cavities in which each cavity interacts weakly with neighboring cavities, a defect band 1 is formed (See Fig. 1 ). The eigenmode of this waveguiding band can be written as a superposition of the individual cavity modes which is analogous to the linear combination of atomic orbitals in solid state physics[II]:
where the summation over n includes all the cavities, and k is the wavevector. The dispersion relation for this structure can be obtained from Egs. (1) and (14) keeping only the first two coupling terms w(k) = n ((31 cos(kA) + 2(32 cos(2kA) + 1/2) 1/2 (15) 0:1 cos(kA) + 20:2 cos(2kA) + 1/2 I This band can also be considered as the waveguiding band.
Dispersion relation and group velocity
In certain cases, we can safely ignore the second nearest neighbor terms, and this approximation leads to a simpler expression for the dispersion relation w(k) = D [1 + K;cos(kA)] . (16) Here K; = (31 -0:1 is a TB parameter which can be obtained from the splitting of the eigenmodes of two coupled cavities. After obtaining D, WI, and W2 from measurements or simulations, one can determine (31 and 0:1 values by using Eq. 4. The bandwidth of the waveguiding band is proportional to the coupling constant and single cavity frequency, which is given by (17) Group velocity of photons along the coupled cavities can be determined from the dispersion relation as or the group velocity as a function of frequency is given by Figure 2 displays the calculated dispersion relation and the group velocity as a function of frequency w. Due to flat dispersion, the group velocity vanishes at the band edges, i. e., k = 0 and k = 7r / A. This property can be used in various applications. For instance, the efficiency of nonlinear processes can be enhanced due to small group velocity at the band edges [17, 38] .
Photon lifetime and dispersion
The net phase difference L:1<p is related with the wave vector k of the crystal kL -koL = L:1<p , (20) where L is the total crystal thickness, ko = 27rw/ c, and c is the speed of the light in vacuum. Combining Eqs. (16) and (20) along with the definition of T p = o(L:1<p) / OW, we obtain a formula for delay time, photon lifetime, as a function of frequency 
The dispersion is given by
We calculated the photon lifetime by using Eq.21, and plotted in Fig. 3 (a).
The photon lifetime goes to the infinity at the band edges, i. e., w = (1 + K;)n and w = (1 -K;)n. This means that photons move along the coupled cavities very slowly, and therefore we can introduce the heavy photon concept in such photonic structures. The heavy photons at the coupled-cavity band edges are analogous to the electrons in semiconductors having energies near the band edges [12] .
We also calculated the dispersion D as a function of normalized frequency win. As shown in in Fig. 3(b) , we observed that D --+ -00 forw = (1 + K;)n and D --+ +00 for w = (1 -K;) n. Based on this important observation, we can use the coupled-cavity structures as dispersion compensators.
Coupled-Cavities in 3D Photonic Crystals
In this section, we investigate experimentally and theoretically the coupling between localized cavity modes in a dielectric-based layer-by-layer 3D photonic crystal within the TB framework. We also report on the observation of the The delay time increases rapidly as we approach to the waveguiding band edges. The dispersion goes to -00 at the lower band edge and +00 at the upper band edge. eigenmode splitting in the coupled cavities. Moreover, we demonstrate a new type of waveguiding through localized defect modes.
3D layer-by-layer photonic crystals
A layer-by-Iayer dielectric based photonic crystal [39, 40, 7] was used to construct the coupled-cavity structures as shown in Fig. 4(a) . The crystal consists of square shaped alumina rods having a refractive index 3.1 at the microwave frequencies and dimensions 0.32 cmxO.32 cmx 15.25 cm. A center-to-center separation between the rods of 1.12 cm was chosen to yield a dielectric filling ratio of rv 0.26. The unit cell consists of 4 layers having the symmetry of a face centered tetragonal (fct) crystal structure. The crystal exhibits a three dimensional photonic band gap extending from 10.6 to 12.8 GHz.
The experimental set-up consists of a HP 8510C network analyzer and microwave horn antennas to measure the transmission-amplitude and transmissionphase spectra [ Fig. 4(b) ]. The defects were formed by removing a single rod from each unit cell of the crystal. Removing a single rod from an otherwise perfect crystal leads to confined modes with high Q-factors, quality factor defined as the center frequency divided by the full width at half maximum, around 1000. The electric field polarization polarization vector of the incident EM field was parallel to the rods of the defect lines for all measurements.
Mode splitting
By using the aforementioned experimental setup, we first measured the transmission amplitude through a crystal with a single defective unit cell. This resulted in a localized defect mode within the PBG which is analogous to acceptor impurity state in semiconductor physics [41] . The defect mode occurred at a resonance frequency of n = 12.150 GHz with a Q-factor (quality factor, defined as center frequency divided by the peak's full width at half-maximum) of
Next, we measured the transmission through the crystal that contains two consecutive single rod removed unit cells. The intercavity distance for this structure was A = 1.28 cm, which corresponds to single unit cell thickness in the stacking direction. We observed that the mode in the previous case splitted into two resonance modes at frequencies WI = 11.831 GHz and WI = 12.402 GHz [ Fig. S(b) ]. The TB parameters found to be K, = (3 -0: = -0.047. Figure S( Table 1 compares the resonance frequencies, which were calculated by inserting TB parameters 0:1 and (31 into the Eq. (9), with the values obtained from the experiment [ Fig. S(c) ]. The experimentally measured three splitted modes coincide well with the theoretically expected values. This excellent agreement shows that the classical wave analog of TB formalism is valid for our structure. Frequency (GHz) Figure 5 . Transmission characteristics along the stacking direction of the photonic crystal: (a) For single defect with resonance frequency fl. (b) For two consecutive defects resulting in two splitted modes at resonance frequencies WI and W2 with intercavity distance A = 1.28 cm.
(c) For three consecutive defects with resonance frequencies r l , r 2 , and r 3 .
Waveguide and waveguide bends
In this section, we demonstrate the observation of guiding and bending of the EM wave through highly localized defect modes in a 3D photonic crystal. The most important feature of this new waveguides, which we called coupled-cavity waveguides (CCWc), is the possibility ofconstructing lossless and reflectionless bends. This ability has a crucial role to overcome the problem of guiding light around very sharp corners in the optical circuits.
The guiding or bending of EM waves through the localized defect modes via hopping is fundamentally different from previously proposed photonic crystal waveguides [42, 43, 6, 44] . Although, the structural imperfections such as misalignment of rods during the fabrication process affected the efficiency of the CCWs, we have observed nearly 100 percent transmission for various CCWs throughout the entire waveguiding band. Our observation differs from that of Lin et at. [43] in which the unity bending efficiency2 can be obtained only at certain frequencies.
Transmission measurements
We first measured the transmission characteristics of a straight waveguide which consists of 11 unit cell fct crystal. The defect array was created by 2In this reference, the bending efficiency is obtained by normalizing the transmission spectrum through the bend to that of the straight waveguide. '0 -40
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(a) Transmission amplitude as a function of frequency for a straight waveguide geometry which is shown in the right panel. The gray squares represent the missing rods. A full transmission was observed throughout the entire waveguiding band ranging from 11.47 to 12.62 GHz. (b) Transmission characteristics of a zig-zag shaped waveguide which is formed by removing randomly chosen rods while keeping the distance between adjacent defects constant. In all cases, nearly 100 percent transmission amplitudes were measured. removing a single rod from the first layer of each unit cell with a periodicity of A = 1.28 em. As shown in left panel of Fig. 6(a) , a defect band (guiding band) was formed within the photonic band gap analogous to the impurity bands in the disordered semiconductors. The width of this guiding band can be adjusted by changing the coupling strength between the cavities 3 . For this waveguide structure, nearly a complete transmission of the EM wave was observed within a frequency range extending from 11.47 to 12.62 GHz. It is interesting to note that when we placed one of the removed rods into its original position, we observed almost vanishing transmission amplitude throughout the above frequency range. This result is expected since the second nearest-neighbor coupling amplitude is negligibly small in our structures.
To develop an optical circuit, the problem of the guiding light around sharp comers must be addressed. Conventional dielectric or metallic waveguides have large scattering losses when sharp bends are introduced. Within the TB approximation, we can guide or bend the EM waves along an arbitrarily shaped path by connecting the defects. To verify this idea experimentally, we constructed a zig-zag shaped waveguide while keeping the distance between the consecutive cavities constant. In this waveguide, the propagation direction of photons was randomly changed. As shown in Fig. 6(b) , we observed full transmission 3Por instance, the coupling increases when the distance between adjacent defects decreases. similar to the results obtained from the straight waveguide. Our results clearly indicate that the sharp corners have no influence on the propagation of EM waves in CCWs. By using CCWs one can achieve the bending of light around a sharp corner without any radiation losses. Therefore, this novel method may have great practical importance in certain applications. As shown in Fig. 6 , the band edges of CCWs are very sharp compared to the PBG edges. This property is important for the switching applications. Conventionally, the switching mechanism is achieved by dynamical shifting of the photonic band gap edges [45] or the position of defect frequency [46] via the nonlinear processes. In our case, the on-off modes of the switch can be achieved by shifting the waveguiding band edges. Therefore, the efficiency of a photonic crystal based switch can be enhanced by using the CCWs.
Phase measurements
The dispersion relation for the waveguiding band can be obtained from the transmission-phase measurement. Figure 7 shows the comparison of the measured (0 symbols) and calculated (solid line), by using Wk = 0[1 + K, cos(kA)], dispersion relations. As shown in Fig 7. , TB calculation gives good agreement with the measured result, and the deviations between the experiment and the theory is more pronounced around the edges of the waveguiding band. We expect this discrepancy to vanish as the number of unit cells used in the experiment is increased. -DK;a sin (ka), of the waveguiding band as a function of wave vector k. The experimental curve is obtained by taking the derivative of the best fitted cosines function to the experimental data. Notice that the group velocity vanishes at the waveguiding band edges [47] . It is important to note that, in the stimulated emission process, the effective gain is inversely proportional to the group velocity [48] . The group velocity can be made smaller if one can reduce the amplitude of the parameter K;.
3.6
Heavy photons at coupled-cavity band edges Heavy photons or photons with a extremely low group velocity playa critical role in enhancing the efficiency of nonlinear processes, [10, 48, 17] and the gain enhancement in the photonic band edge laser.
[10] Moreover, the spontaneous emission rate can be increased since the effective gain is proportional to l/v g . [48] The low group velocity was proposed near the band edges of one-dimensional photonic band-gap structures. [49, 10] Recently, Vlasov et al. have observed that the optical pulses significantly slow down at the 3D photonic crystal band edges in visible spectrum. [50] We measured the delay time of a defect structure where the whole rod is removed from each unit cell of the crystal. [18] We measured the delay time corresponding to a ten unit cell coupled cavity waveguide. The localization volume is bigger than the previous case, and therefore the photon lifetime for a single cavity is around 5 ns. As shown in Fig. 8 , the delay time increases drastically at the CCW band edges and agrees well with the calculated result by using Eg. (3) . In this case, the group velocity also approaches to zero at the band edges (See the inset in Fig. 7) .
Physically, the heavy photons in the photonic band gap structures are analogous to the electrons in semiconductors having energies near the band edges. The corresponding eigenfunctions are standing waves rather than the running waves, and therefore the effective mass of electrons becomes very large. [12] 
Highly Confined Photonic Crystal Waveguides
Photonic crystals also provide a promising tool to control the flow of light in integrated optical devices [51, 52] . Therefore, there is a great deal of interest in developing photonic crystal based waveguides where one can confine and efficiently guide the light around sharp corners in two-dimensional (20) [42, 43, 53, 54, 55, 56] or three-dimensional (3D) [6, 18, 57, 58, 59] photonic crystals. Guiding the light without losses, and even through sharp corners using two-dimensional (20) photonic crystals was first proposed theoretically by Mekis et. al. [42] . Later, researchers have reported experimental observation of waveguiding in 20 photonic crystals first at microwave [43] , and then at optical frequencies [53, 54, 55, 56] . However, to avoid the leakage problem in 20 structures, either one has to extend the size of the photonic crystal in the vertical direction, or use a strong index-guiding mechanism in the vertical direction [56, 60] . A way to eliminate the leakage is to use a three-dimensional (3D) photonic crystal. Recently, full confinement of the EM waves utilizing a 3D layer-by-Iayer photonic crystal structure has been theoretically studied [57, 58] . Although Noda et al. reported the fabrication ofa 3D sharp bend waveguide at optical wavelengths, they have not reported any optical measurements on this sharp-bend structure [59] .
In this section, we demonstrate that the guiding, bending, and splitting of EM waves could be achieved in highly confined waveguides which are constructed by removing a single rod from a perfect 3D layer-by-Iayer photonic crystal as shown in Fig. 9 [61] . The experimental results are in good agreement with a theory based on tight-binding (TB) approximation [18, 62, 14] , and the simulation results of Chutinan and Noda [58] . We also present dropping of EM waves via cavity-waveguide coupling in such structures.
Experimental setup
A layer-by-Iayer dielectric based photonic crystal [39, 40, 7] was used in our experiments. We used an HP 8510C network analyzer and microwave horn antennas to measure the transmission-amplitude and the transmission-phase properties of the straight waveguides, the bended waveguide, the power splitter, and WDM structures. We constructed the straight waveguide by removing a single rod from a single layer of a 6 unit cell (24 layer) photonic crystal, so that we had 12 layers at the top and 11 layers at the bottom of the removed rod. The polarization vector e of the incident EM wave was kept parallel to the Figure 9 .
Schematic drawing of a new type of waveguide structure in 3D layer-by-layer photonic crystals. The EM waves are confined along with the vacancy of a single removed rod (white rod). stacking direction of the layers. We did not observe any guided modes for the other polarization polarization in any of our experiments.
Waveguides and waveguide bends
First, we tested the guiding of EM waves by measuring the transmission through a single missing rod. We observed full transmission of the EM waves for certain frequencies within the photonic stop band as shown in Fig. lO(a) . The full transmission within the waveguiding band was a proof of how well the wave was confined and guided without losses. The guiding band started from 11.37 GHz and ended at 12.75 GHz. In Fig. lO(a) , we also plotted the transmission spectra (dotted line) of the perfect crystal for comparison. The guiding was limited with the photonic band gap of the crystal, for which the crystal had the property of reflecting the EM waves in all directions.
We tested the bending of light through sharp corners in a waveguide structure shown in inset of Fig. lO(b) . This structure was constructed by removing part of a single rod from 11 th layer, and part of another rod from 12 th (adjacent) layer. The resulting vacancies of the missing parts of rods form a 90-degree sharp bend waveguide. The incident wave propagated along the first waveguide (missing portion of the rod on the 11 th layer), and successfully coupled to the second waveguide on the 12 th layer, which was perpendicular to the propagation direction of the incident EM wave.
As shown in Fig. lOeb) , we observed a waveguiding band (extending from 11.55 to 12.87 GHz), for which the frequency range ofthe band was similar to the straight waveguide. The high transmission-amplitudes, which reached unity around certain frequencies, showed that the EM waves were coupled and guided through the waveguide that contained a sharp bend. This observation is consistent with the TB picture, since the EM waves can propagate through coupled cavities without losses irrespective of change in the propagation direction. At this point, we would like to compare our bended waveguide results with the simulations previously reported for this structure by Chutinan and Noda [58] . Based on their simulation, the waveguiding band for sharp bend structure covers 67% of stop band of the photonic crystal which was very close to our experimental value of 68%.
4.3
Power splitters
The power splitters are important for designing photonic crystal based optical components. Previously, the power splitters were theoretically investigated in 2D photonic structures [63, 64, 65] , and were experimentally demonstrated in 3D photonic crystals [22] . To test the splitting idea in highly confined waveguides, we removed one rod from the 12 th layer partially, and a whole rod from the 13 th layer with a crossed configuration [See the inset in Fig. 11 ]. Figure 11 shows the measured transmission characteristics of this structure. The EM wave inside the input waveguide channel was efficiently coupled to the output channels. Although we have achieved high transmission ('" 50%) for certain frequencies, the detected powers at each output port were mostly unequal throughout the waveguiding band. Frequency (GHz) Figure 11 . Measured transmission spectra for the splitter structure. The electromagnetic power in the input port splits into the two output ports throughout the guiding band.
Theoretical model: Tight-binding analysis
In order to understand the underlying physics behind this single rod removed waveguide, we need to closely look at structure of the waveguide. Each vacancy just below the removed rod behaves as a box-like cavity (See the left panel in Fig. 12 ). The coupling between these localized cavity modes allow propagation of photons by hopping through the vacancy of the missing rod.
Based on this observation, we can obtain the dispersion relation by measuring the transmission-phase characteristics and by using the TB approximation. Within the TB scheme [18] , the dispersion relation is given by w(k) = 0[1 + I-\;cos(kA)]. Here 0 = 12.07GHz is the single defect frequency, A = 1.12 cm is the intercavity distance, k is wavevector, and I-\; = -0.057 is a TB parameter which was derived from the experimental data (11-\;1 =~w/20). As shown in Fig. 12(a) , the measured dispersion relation is in good agreement with the TB prediction. We also measured and calculated the photon lifetime, i. e. delay time, of the single rod removed waveguide. Within the TB scheme, the photon lifetime can be written as Tp(W) = A/vg(w) + 27rA/c [21] . Here v g = V'kW (k) is group velocity ofthe guided mode. As displayed in Fig. 12(b) , experimental and theoretical results show that the photon lifetime increases drastically, T p ----+ 00, at the waveguiding band edges. 
4.5
Dropping of electromagnetic waves through localized modes Photonic band gap structures can also be used to construct the optical adddrop filters which can be used effectively in WOM applications. The first photonic crystal based WOM structure was proposed by Fan et. al. by using resonant tunneling phenomena between two waveguides via cavities [66] . Kosaka et. al. reported WOM filters by using superprism phenomena [51] . Noda and his co-workers proposed and experimentally demonstrated trapping and dropping of photons via cavity-waveguide coupling in 20 photonic crystal slabs [59] . Nelson et. al. reported wavelength separation by using 10 dielectric multilayer stacks [67] . Recently, various types of WOM structures in 20 photonic crystals have also been reported [68, 69, 70, 71] .
In this section, we proposed and demonstrated a new method for dropping photons via the cavity-waveguide coupling in 30 layer-by-layer photonic crystals [24] .
In order to demonstrate the demultiplexing phenomena, we designed a structure that consisted of a HeW and cavities [See Fig. 13(a) ]. The highly localized defect modes, with quality-factors (Q = wa/~w) around 1000, were generated either by removing some portion of a rod or by adding additional materials to (a) 291 
(b)
HIGHLY CONFINED WAVEGUIDẼ @)@)@)@)@)@)@)f 1,2, ...,i,j'H.,N i t f1,2, H,N •~CAVITỸ fi .,jj Figure 13 . Dropping of electromagnetic waves in 3D photonic crystal structures. (a) Proposed configuration for the demultiplexing applications in photonic crystals. Some portion, 0, of a single rod was removed to construct an acceptor-like defect mode. (b) Schematic drawing of the mechanism for dropping photons via coupling between a highly confined waveguide and localized cavity modes. the crystal 4 . Due to coupling between the guided mode inside the waveguide and the localized cavity modes, the EM waves at resonance frequencies of the cavities were dropped from the waveguide mode [See Fig. 13(b) ].
The waveguide was constructed by removing a single rod from the 11 th layer of the crystal which contains 5 unit cells along the stacking direction. The cavity was formed by cutting some portion of a rod at the upper layer (12 th layer) of the HCW layer. The defect volume, and therefore the cavity frequency, was varied by changing O. The distance between the defect and the waveguide was fixed~= 4a.
The measured transmission characteristics were plotted in Fig. 14(a) for the parameter~= 3.5a and 0 = 0.75 em. The EM waves having the resonance frequency f = 0.4464cja was filtered from the waveguide mode. We also observe a corresponding dip in the HCW spectrum at the same frequency. The tunability of the dropping mode was presented in Fig. 14(b) . We measured the transmission spectra by varying the parameters~and O. As shown in Fig. 14(b) , the resonance frequency was shifted by changing the parameters~and O.
Based on this observation, we concluded that the photons at the resonance frequency of the defect mode was first trapped in the cavity and then emitted from the cavity. The quality factor of the dropping mode can be adjusted by changing the distance~. Since the resonance frequency depends on the defect volume, we can tune the dropping frequency by increasing or decreasing the distance O. In order to demonstrate tunability of our WDM structures, we measured the transmission spectra for three different values of 0 = 0.9,1.3,1.6 em.
40ne can call these modes acceptor-or donor-like photonic modes which are reminiscent to the acceptor and donor states in a semiconductor [41, 72] . Frequency (cia) Figure 14 .
(a) Measured transmission characteristics of the demuitipiexing structure in As shown in Fig. 14(b) , the drop frequency can be tuned by changing the value of o.
Summary
In this work, we proposed and demonstrated a new type of propagation mechanism for electromagnetic waves in photonic band gap materials. Photons propagate through highly localized cavity modes due to coupling between them. Based on this mechanism, we reported a novel waveguide, which we called coupled-cavity waveguide (CCW), in photonic crystal structures. By using CCWs, we demonstrated various applications such as lossless and reftectionless waveguide bends, efficient power splitters, photonic switches, directional couplers, add-drop filters, and dispersion compensators. We successfully applied the tight-binding (TB) approach, which is originally developed for the electronic structures, to the photonic structures. The excellent agreement between the measured, simulated, and the TB results is an indication of potential usage ofTB approximation in photonic structures. We experimentally observed the eigenmode splitting and defect-band formation in coupled localized photonic modes in photonic band gap materials. These observations were explained by using the TB picture. Since the Maxwell's equations have no fundamental length scale, we expect that our microwave results can be extended to the optical frequencies. These results encourage the usage of the layer-by-Iayer photonic crystals in the design of future ultra-small optoelectronic integrated circuits.
